Effect of micro-irrigation type, N-source and mulching on nitrous oxide emissions in a semi-arid climate: An assessment across two years in a Merlot grape vineyard  by Fentabil, Mesfin M. et al.
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a  b  s  t  r  a  c  t
Micro-irrigation,  fertigation,  and  mulching  have  been  proposed  to  improve  the  nutrient  and  water-use
efﬁciency  of  crop  production.  The  effect  of  these  management  practices  on  the  emission  of  nitrous
oxide  (N2O) from  vineyards  is  not  well  understood  and  most  prior  studies  were  short-term  (<1  year).
To investigate  longer-term  effects,  a study  was  conducted  in  grape  (Vitus vinifera  L.  cv. Merlot  planted
in  a sandy  loam  soil  in  British  Columbia,  Canada.  The  experiment  was  a  factorial  treatment  design  con-
sisting  of two  micro-irrigation  types  (Drip  or Micro-sprinkler),  two  nitrogen  sources  (surface  applied
Compost  or  fertigated  Urea  at a rate  of  40 kg N ha−1), and  two  vineyard  ﬂoor  managements  (bark  Mulch
or  “Clean”—meaning  bare  soil).  Frequent  measurements  of  N2O ﬂux  and soil  and  environmental  vari-
ables  were  made  over  two complete  years  (2013 and  2014).  A  considerable  portion  (37%  in  2013 and
61%  in  2014)  of  the  annual  cumulative  N2O  emission  (N2O)  occurred  during  the  pre-growing  sea-
son  particularly  within  the  thaw  period.  In  2013,  the annual  area-scaled  N2O emissions  for  Drip  was
≈1.8  ×  Micro-sprinkler,  Urea  was  ≈1.5  × Compost  and  Clean  was  ≈1.7  × Mulch.  In  2014,  N2O emissions
were  over  14%  higher,  likely  due  to  more  freeze–thaw  events,  higher  soil  mineral  N availability  (47%
higher),  but  treatments  differences  were  not  signiﬁcantly  different.  Analysed  over two  years,  micro-
sprinkler  reduced  growing  season  emissions  by 29%  and  surface  application  of  bark  mulch  decreased
annual  area-scaled  and  yield-scaled  N2O  emissions  by 28% and  23%,  respectively,  suggesting  bark
mulch  as  a  strategy  for  mitigating  N2O emission.  The  observed  interannual  variability  in the  total  N2O
emissions  suggests  that  at  least  a minimum  of  2 years  of  continuous  study  may  be  required  to  estimate
representative  annual  N2O emission  budgets  and to recommend  N2O mitigation  strategies  in  vineyard
systems.
© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
In order to track and manage national and global emissions
ffectively, N2O emissions in perennial systems under differ-
nt management regimes must be quantiﬁed across a range of
oil types and geographic regions (Carlisle et al., 2010; Garland
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et al., 2011). There are limited N2O emissions data from vine-
yards (Carlisle et al., 2010; Steenwerth and Belina, 2010), yet these
systems cover more than 7.1 million ha worldwide (FAO, 2013).
Vineyards in the semi-arid Okanagan region of British Columbia
alone cover approximately 4150 ha (BCGA, 2014). Many vineyards
have converted from overhead sprinklers to under vine micro-
irrigation (micro-sprinkler or drip) to improve water-use efﬁciency.
The effect of this water management change on N2O emissions
is not known, nor has a preferable micro-irrigation strategy been
identiﬁed.
Few studies have investigated water management effects on
N2O emission from perennial cropping systems, and none are in a
northern climate that experiences a spring ground thaw. Sanchez-
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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artin et al. (2008) found that drip irrigation resulted in N2O
missions 70% lower than furrow irrigation in a loamy soil texture
fter incorporation of broadcast ammonium sulphate in the soil.
anchez-Martin et al. (2010) observed reduction of N2O by drip
rrigation (28%) compared to furrow irrigation in a sandy clay loam
exture fertilized with digested pig slurry, Ca(H2PO4)2 and K2SO4.
missions of N2O from the two previous experiments monitored
or a period of less than 5 months and only during the growing sea-
on under a Mediterranean climate in Madrid. In California under
 Mediterranean climate, Smart et al. (2011) compared emissions
rom an almond orchard irrigated by stationary fanjet sprinklers
nd drip irrigation; their observations covered a period of a month
n the fall and another month in spring and they reported lower
missions of N2O from sandy loam soil when mineral N was fer-
igated via the stationary fanjet sprinklers. In a grape vineyard in
alifornia, Suddick et al. (2011) indicated lower N2O emission for
ub-surface drip irrigation than surface drip following a four-day
ertigation event. All of the above studies used non-steady-state
anual chambers for measuring N2O emissions and most of them
ere short-term, lasting few days or months during the growing
eason. Substantial losses of N2O have been reported during spring
haw events for other cropping systems in climates with winter
emperatures below freezing (Lemke et al., 1999; Müller et al.,
002; Holst et al., 2008; Tatti et al., 2014). Nevertheless, continuous
2O emissions data across seasons within a year and between years
re lacking from prior studies of woody perennials. Consequently,
he long-term effects of various water management strategies on
2O emissions are still unknown.
Woody perennial crops can be mulched in order to deter weed
rowth, moderate soil temperature and moisture, reduce evapo-
ranspiration losses, and buffer soil pH in a range optimal to fruit
rowth (Forge et al., 2013). Organic mulch adds carbon to the soil
nd depending on the source, can increase the supply of macronu-
rients to the soil (N–P–K) (Paul 2013) while reducing populations
f root-lesion nematodes (Forge et al., 2008) and improving soil
iological activity (Neilsen et al., 2014). The addition of compost
s a replacement for mineral N fertilizer can also increase soil
rganic carbon, and supply micronutrients. In prior studies, the
ddition of organic matter has had contradicting effects on N2O
mission. Addition of organic matter in some ﬁeld studies resulted
n decrease of N2O emission (Lopez-Fernandez et al., 2007; Livesley
t al., 2010; Sanchez-Martin et al., 2010; Steenwerth and Belina,
010; Nyamadzawo et al., 2014) while it also resulted in increase of
2O emission in other studies (Laidlaw 1993; Cochran et al., 1997;
elster et al., 2012). Chantigny et al. (2010) and Pelster et al. (2012)
uggested that denitriﬁcation rates in sandy loam soils are more
imited by C availability than mineral N concentrations, and sug-
ested that the addition of C, through organic amendments such as
oultry manure, liquid cattle manure, or liquid swine manure, could
ead to higher N2O emission compared to mineral fertilizers such
s calcium nitrate and urea. However, labile organic C also helps in
ompleting the denitriﬁcation process, resulting in most of the N2O
onverting to N2, unless there are some inhibiting factors. Such fac-
ors include high EC, high pH (Ruiz-Romero et al., 2009), acetylene
nd sulphides (Knowles, 1982) are present in some organic amend-
ents like manure (Brown, 2012). Most previous studies have used
anure as a source of organic matter and little is known about the
ffect of shredded bark and wood mulch or compost amendments
n N2O emissions.
The effect of management practices such as irrigation or soil
mendment on grape yields and N2O emissions are commonly
xpressed with respect to area. Expressing N2O emissions per unit
f yield can account for both of these management impacts and may
rovide a useful metric for greenhouse gas inventories (Venterea
t al., 2011). Yield-scaled emissions are reported in other crop-
ing systems (Halvorson et al., 2010; Wei  et al., 2010; Gagnon Management 171 (2016) 49–62
et al., 2011; Venterea et al., 2011), but reports of yield-scaled N2O
emissions in woody perennial crops are rare (Schellenberg et al.,
2012). Additional data on yield-scaled N2O emission is required
to evaluate the viability of any N2O mitigation strategy without
compromising productivity.
This study aimed to determine the effects of agricultural man-
agement practices on N2O emission in a vineyard under a semi-arid
climate. The paper presents data collected over two  full years, and
includes measurements prior to, during and after the growing sea-
son. The study investigates how N2O emissions are affected by:
(1) type of micro-irrigation system (Drip vs Micro-sprinkler); (2)
nitrogen sources (surface applied Compost or Urea applied through
fertigation); and (3) vineyard ﬂoor management (shredded bark
and wood Mulch versus bare soil, here in referred to as “Clean”).
2. Materials and methods
2.1. Study site and experimental design
The study was conducted in the south-central Okanagan Val-
ley (Lat. 49◦33′59′ ′N and Long. 119◦38′12′ ′W),  at the Summerland
Research and Development Centre (SRDC) in Summerland, British
Columbia, Canada. The site has a 30-year average (1981–2010)
annual precipitation of 346 mm,  and daily average temperature
of 9.6 ◦C with a minimum daily average of −1.5 ◦C in January
and a maximum daily average of 28.4 ◦C in July (Environment
Canada, 2014a,b). In this cold-climate wine-growing producing
region, below freezing soil temperatures the winter period occur
between November and February. Daily maximums in July and
August can reach 35–38 ◦C. The soil is classiﬁed as a Skaha Sandy
Loam, which is ﬂuvio-glacial in origin, has moderate water holding
capacity (Wittneben, 1986) and a cation exchange capacity (CEC) of
10.6 meq/100 g, a pH of 7.4, and a C:N ratio of 8.5 before treatment
initiation. Abundant coarse fragments with coatings of secondary
carbonates were found at 30–50 cm depth. Secondary carbonates
are carbonates (CaCO3 and/or dolomite (CaMg(CO3)2 that precipi-
tated from the soil solution rather than inherited from a soil parent
material. Secondary carbonates can be formed by irrigation with
carbonate rich water (Hannam et al., 2015).
The experiment was established on a moderate, south/south-
west-facing slope (Fig. 1). The Merlot (Vitis vinifera) vines on SO4
rootstock were planted in 14 rows of vines in May  2011. The outer
rows on each end of the planting were ‘guard rows’, used to elimi-
nate edge effects and were not directly involved in the experiment.
The planting was divided into six blocks consisting of two rows of
vines (12 rows total). Each row consisted of ﬁve plots and there
were ﬁve vines per plot. The outer vines were ‘guard vines’ and
middle three vines were ‘experimental vines’. Vine spacing was
1.2 m within rows and 3.0 m between rows. Vine density was 2,
778 vines/ha. A common orchard grass mix  was  grown in the 1.5 m
wide inter-row (alley). Plots were kept weed-free via the use of
herbicides (primarily glyphosate).
Experiments were factorial treatment designs consisting of
two micro-irrigation types (Drip or Micro-sprinkler), two  nitrogen
sources (Compost or Urea), and two vineyard ﬂoor managements
(bark Mulch or Clean). Main plots (complete rows) were com-
prised of two different low pressure irrigation systems (Drip,
Micro-sprinkler) whereas subplots consisted of ﬁve fertiliza-
tion/amendment combinations planted in each of the six replicates
for each irrigation treatment. The Compost plots and Urea plots
had different irrigation lines to enable selective fertigation of urea
plots. Two 4 L h−1 pressure compensating drippers were placed on
opposite sides of each vine along the vine row (Fig. 2A) in Drip
plots, and one 20 L h−1 ﬂow regulating micro-sprinkler (AquaS-
mart 2000 Naandanjain Ltd., Israel) was placed mid-way between
M.M. Fentabil et al. / Agricultural Water Management 171 (2016) 49–62 51
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Pig. 1. Grape experiment plot layout. Capital letters inside each plot represent soi
nd  boron. Note that PKB plots were not used in this study. There were four chamb
ach  alleyway between rows #5 to #11.
wo adjacent vines in Micro-sprinkler plots (Fig. 2B). Both micro-
rrigation types were suspended about 0.3 m above the soil surface.
n atmometer (ETGage Co., Loveland, CO) was  used to estimate
otential evapotranspiration, which was combined with a crop
oefﬁcient model (Neilsen et al., 2015) to estimate water required
o replace 100% of the previous day’s losses to evapotranspiration
ia four equal applications every 6 h over a 24 h period controlled
y a CR10X datalogger (Campbell Scientiﬁc, Logan, UT). The irriga-
ion season extended from May  through October in both 2013 and
014.
All the grape plots received a total of 40 kg N ha−1 in the form
f either urea or compost. Urea was fertigated for four weeks from
id-May to mid-June from 2011 to 2013, and from late May  to
ate June in 2014 timed to coincide with grape development. Com-
ost and Mulch made from shredded bark and wood-chips were
pplied on a 1.5 m wide strip centered on the vine row. Compost
as used as a nitrogen source in the plots that were not fertigated
ith Urea. Mulch was used primarily to minimize evaporation of
ater from the soil. Both compost and mulch also add carbon to the
oil. Compost was applied in late May  each year (2011–2014) and
as manually incorporated into the top 5 cm of soil. The locally pro-
uced compost was made from approximately 15% grape pomace,
0% straw, 25% shredded bark and wood chips and 40% cow manure
nd screened through 0.6 cm mesh. Prior to application in the ﬁeld,
he N content of compost was determined on air-dried and ground
amples using a LECO FP-528 (Leco Corporation, St. Joseph, MI).
ased on the C/N ratio of the compost (3 year average = 20), we  esti-
ated that ﬁrst-year mineralization of N would be no more than
0% of the total N content (Gale et al., 2006). This liberal estimate of
otentially Available N (PAN) was used to adjust the compost appli-dment: C = compost, U = urea, BM = bark mulch, and PKB = phosphorus, potassium
each row from row #5 to #10. One chamber was deployed at a random location in
cation rate each year to provide an estimated 40 kg PAN/ha. The
mineralization of N from surface-applied compost in the second
and third years after application is not well understood. Conse-
quently, we did not attempt to account for previous applications
when making the calculations for any given year. While we  used
a liberal estimate of PAN, this approach nonetheless creates the
potential for accumulation of residual mineralizable N, and the pos-
sibility that in later years of the experiment the release of mineral
N from the compost exceeded the 40 kg N/ha target.
Mulch applied to the row was composed of shredded bark and
wood-chips (primarily from Pinus contorta var latifolia and Picea
glauca) generated as waste from local sawmills. It was surface
applied in late May  of every second year (2011, 2013) to maintain a
total mulch depth of approximately 10 cm.  New mulch was added
over top of existing mulch without disturbance to the underlying
material. Mulch was not applied in 2012 and 2014 because it was
still sufﬁciently thick to suppress weeds.
2.2. Soil sampling and analyses
At each soil sampling time, soil cores to a depth of 15 cm were
collected from nine locations (Fig. 2) in the row and another nine
location the alley using a 2-cm diameter auger. Samples were
composited to get a representative sample for the row and the
alley part of each plot. Soil sampling was  conducted in May, June,
August, and October in 2013, and every month from April to August,
and in October in 2014 (n = 10). Soil samples were kept frozen
until extraction and analysis. Field moist soils were extracted for
exchangeable nitrate-N and nitrite-N (NO3−–N) and ammonium-N
(NH4+–N) with 2 M KCl using a 1:5 soil to extractant ratio and a
52 M.M. Fentabil et al. / Agricultural Water Management 171 (2016) 49–62
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ocations for row chamber and alley chamber for one sampling event, respectively. 
ampled for each soil sampling event in May, June, August, and October in 2013 and
-h shaking time followed by ﬁltration through Whatman No. 40
lter paper. Extracts were frozen at −20 ◦C and defrosted overnight
rior to analysis for NO3−–N and NH4+–N using a segmented ﬂow
nalyzer (SFA, Model 305D, Astoria Paciﬁc International, Clacka-
as, OR). Salt-extractable organic carbon (SEOC) samples were
xtracted similarly (in 2 M KCl, 1:5 soil extractant ratio), and ﬁl-
ered through a 0.45-m membrane ﬁlter (Millipore Corp, USA)
rior to storage at −20 ◦C (Chantigny et al., 2008). The SEOC in the
xtracts were analysed by Aurora 1030W OI Analytical TOC ana-
yzer (OI Analytical, USA). Calibration standards were made from
otassium hydrogen phthalate in 2 M KCl. Calibration standards
nd samples were diluted 1:12 with ultrapure water to keep the
hloride level to approximately 1% to prevent interference effects.
 ml  of the sample were reacted with 2 ml  of 5% phosphoric acid
nd 2 ml  of 10% sodium persulphate at 98 ◦C to oxidize and liberate
he organic carbon and measure it as carbon dioxide.
Total C and N content were measured by combusting 15–20 mg
nely ground air dried sample using Costech 4010 Elemental Ana-
yzer with thermal conductivity detection. CEC was measured using
n ammonium acetate extraction buffered to pH 7. Soil pH and EC
ere measured by pH-meter (WTW inoLab pH 7200) and EC-meter
WTW inoLab Cond 7200) on an extract from 1:2 (w/v) deionized
ater to ﬁnely ground air-dried soil which was sifted through a
.00 mm sieve. Additional soil sampling and nutrient availability
ssessment using soil and ion exchange resin sampling is reported
n Hannam et al. (2016).
In-situ volumetric soil water content (0–30 cm depth) and tem-
erature (at 2 cm and 10 cm depth) for each plot were measured
ontinuously at 1-h intervals using 30 cm length time domain
eﬂectometry (TDR) probes installed vertically (Campbell Scien-
iﬁc, CS616) and type-T thermocouples, respectively, monitored by
ampbell Scientiﬁc CR1000 data logger. All TDR probes and ther-
ocouples were installed permanently at the center of each plot
here N2O ﬂux was measured and kept undisturbed throughout
he experiment. Soil bulk density samples were collected at 15 cmd (B) Micro-sprinkler irrigated plot. “x” and “y” represent examples of soil sampling
r locations relative to other experimental vines (not shown) in the same plot were
y month from April to August, and October in 2014.
and 30 cm away from the dripper/micro-sprinkler towards the alley
to represent the fertilized strip, and at the center of the alley, from
samples from 3 to 9 cm depth using 6 cm diameter copper collars
that were driven into the soil using a soil bulk density sampler.
An estimate of the fraction of water ﬁlled pore space (WFPS) was
calculated as:
WFPS = (v/[1 − (b/p)]) (1)
where  is the volumetric water content of the soil (cm3 cm−3),
b is the bulk density of the soil (g cm−3) and p is the approximate
mineral particle density (2.65 g cm−3). Measurement of volumet-
ric water content was conducted in the growing season as well as
winter period. However, during winter the Campbell CS616 sensors
measured the portion of water in soil that existed only in liquid
phase (i.e., excluding the ice phase portion of water in the soil).
Therefore, the WFPS during winter were likely underestimated.
Thus, only the WFPS data collected during the growing season of
each year were used to determine the statistical differences in WFPS
among treatments.
2.3. N2O ﬂux measurements
Emissions of N2O were measured in three replicates at the three
middle blocks (from block 3 to 5) comprising all soil amendment
except the treatment containing urea plus phosphorus, potassium
and boron (PKB) (Fig. 1); replicates in other blocks were dedicated
for parallel studies of carbon isotopes in carbon dioxide emissions.
The gas ﬂux sampling strategy was designed to capture high N2O
emissions over short time periods caused by triggering events such
as fertilization, irrigation, mulching, and major weather events such
as spring thaw and intensive rainfall. The regular monitoring sched-
ule involved sampling twice a week during fertigation, once a week
during irrigation, and once every second week in winter. Sam-
pling frequency was  increased to two or three times a week around
short-term weather and management events such as compost and
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ulch application, irrigation initiation, spring thaw or intensive
ainfall. Regular ﬂux monitoring started in January 2013. There
ere a total of 48 rounds of sampling each year, in 2013 and 2014.
luxes were measured using non-ﬂow through non-steady-state
NFT-NSS) chambers (Rochette and Eriksen-Hamel, 2007). Rectan-
ular stainless steel frames (0.68 m × 0.56 m × 0.15 m depth) were
nstalled to a depth of 0.13 m and left undisturbed for the duration
f the experiment. At sampling, an insulated vented lid (with top
losed, headspace ∼0.11 m)  was tightly ﬁtted to the frames. The size
nd location of the chamber within the plot were chosen to cap-
ure a representative emission footprint by taking into account the
idth of the alley and row (fertilized strip), the location of vines,
nd the drippers/micro-sprinklers (Fig. 2). To prevent the distor-
ion of soil water distribution that may  be caused by placement of
he chamber collar, the 4 L h−1 drippers adjacent to each chamber
dge were replaced by two half-capacity smaller drippers (2 L h−1),
ne dripping into the chamber at the inside edge and the other
ripping on the outside edge of the chamber hence in the adjacent
quadrant” on the opposite side of the row (Fig. 2A).
Gas samples were collected using pre-evacuated 12 ml  double-
added Exetainers (Part No: 737W, Labco Ltd.) that were evacuated
o 200 mTorr, ﬂushed with helium, and re-evacuated to 200 mTorr.
uring sampling, the Exetainers were over-pressurized by inject-
ng 20 ml  of sample using a 25-ml gas-tight glass syringe (catalog
o. 03 378 207, National Scientiﬁc, Rockwood, TN). Samples were
aken at 0, 7, 14, and 21 min  in the summer when the magni-
ude of N2O ﬂux was usually high. Nitrous oxide ﬂux was  usually
ow in winter and hence chamber deployment duration and sam-
ling intervals were extended during winter to allow build up
nough gas concentrations in the chamber headspace. Samples
ere taken at 0, 10, 20, and 30 min  in the winter. The samples
ere accompanied by three low and three high ﬁeld standards
containing 0.220 ppm and 2.20 ppm N2O–N) which were prepared
n the sampling day. Nitrous oxide concentrations were analyzed
ithin one week of sampling date using a gas chromatographs
Bruker 456 GC, Bruker) equipped with an electron capture detec-
or (ECD) and a CTC Combi-Pal auto sampler (CTC Analytics AG,
wingen, Switzerland). The soil-surface N2O ﬂuxes were deter-
ined by calculating slope (dC/dt)  of concentration (C) vs time (t)
t chamber closer (t = 0) via either linear or non-linear regression
as appropriate) using the equations of Rochette and Hutchinson
2005). Non-linear regression (Hutchinson and Livingston, 1993)
as used when the accumulation of N2O decreased with time.
inear regression was used when the accumulation of N2O was  con-
istent with time (Rochette and Eriksen-Hamel, 2007). Climate data
relative humidity, air temperature, and pressure) for ﬂux calcula-
ions were obtained from a weather station located within 0.5 km
Environment Canada, 2014b).
Treatments were applied on the row functional unit only (Fig. 2)
nd hence unless mentioned otherwise treatment comparison was
ased on measurements of N2O emission from the row. The alley
unctional unit did not receive treatment and ﬂux was  measured
y six chambers deployed at six alleys. The N2O emission mea-
urements from alley chambers were only used to calculate the
mission factors as discussed below.
Vineyard-scaled emissions factors (EFs), uncorrected for back-
round emission for each treatment, were expressed as the
ercentage of the applied N emitted as N2O–N using:
F = (
∑
N2Oweighted/Applied available Nsource) × 100% (2)
here
∑
N2Oweighted is the area weighted annual cumulative N2O
mission of a ﬁeld (kg N2O–N ha−1) calculated by weighting row
nd alley ﬂuxes by the area covered by the row and alley (each
ccounting for 50% of the ﬁeld); and Applied available Nsource is the
pplication rate of N fertilizer (40 kg N ha−1). Management 171 (2016) 49–62 53
2.4. Yield-scaled N2O emissions
Harvesting occurred on October 29, 2013 and October 20, 2014.
Grape yield was  determined from three central vines in every plot
and extrapolated to a per hectare yield (kg ha−1). Grape yield and
fruit quality are a subject of separate future publication and are not
presented in this paper; but grape yield was  used in the present
paper to calculate yield-scaled N2O emissions (g N Mg−1) for the
treatments by dividing the annual commutative N2O emissions
(g N ha−1 year−1) by grape yield (Mg  ha−1 year−1).
2.5. Data and statistical analysis
Data were analysed to capture ﬂuxes during (i) the spring
thaw in the pre-growing season (PreGS) (January through April);
(ii) the growing season (GS) (May through October); (iii) the
period between harvest and the ﬁrst ground thaw (post-harvest
or post-growing season [PGS]: November and December); and (iv)
annually (January through December). Area-scaled
∑
N2O for indi-
vidual plots were calculated using linear interpolation of ﬂux rates
between sampling days (Millar et al., 2012) and by extrapolation
to per hectare of fertilized strip. To correct for both lack of nor-
mality and nonconstancy of the error variance, all data (except
pH and WFPS in 2013 and, pH and
∑
N2O in 2014) were ﬁrst
transformed using Box–Cox transformations (Box and Cox, 1964)
using the SAS transgress procedure, but all data are reported as
untransformed means. Effects of treatments on N2O emissions and
environmental variables were determined using the PROC MIXED
procedure in SAS, with repeated measurements in the model option
(Version 9.3; SAS® Institute, Inc., Cary, NC) and block, and block-by-
irrigation treated as random effect. Model selection was conducted
as described by Littell et al. (2006). Since N2O emissions were
measured over unequally spaced time intervals, a spatial power
law (SP(POW)) covariance structure was used. The SP(POW) struc-
ture for unequally spaced longitudinal measurements provides a
direct generalization of the autoregressive model (order one) for
equally spaced measurements. The SP(POW) models the covariance
between two measurements at times t1 and t2 as:
Cov
[
Yt1 , Yt2
]
= 2|t1−t2| (3)
where Y is a measurement,  is an autoregressive parameter
assumed to satisfy || < 1 and 2 is an overall variance.
Similarly, the effects of treatments on
∑
N2O were conducted
using the PROC MIXED procedure, for individual years, and for the
2-year combined data with years as repeated measures. Contrary
to daily measurements, cumulative measurements were equally
spaced in time (i.e., repeated over a year) and compound sym-
metry covariance structure was  used in the “type” statements
of the repeated model to draw overall statistical comparisons
among management factors imposed over two years. Pairwise
means comparisons were performed using the PDIFF statement and
Tukey–Kramer adjustment method. Unless otherwise mentioned,
a p-value <0.05 was  used for ﬁxed effects and means separation.
3. Results
3.1. Weather, soil WFPS and temperature
Environmental conditions in the two  experimental years were
typical of the region. The mean daily air temperature in 2014
(9.8 ◦C) was slightly higher than 2013 (9.6 ◦C) which was the same
as the 30-year average (9.6 ◦C) (Table 1). Higher total precipitation
with higher proportion during the fertigation period occurred in
2013. The largest individual rainfall events occurred in 2013, where
three events occurred (June 18, 12 mm;  June 20, 26 mm;  June 24,
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2 mm).  In 2014, a single event of 35 mm was noted on June 13. The
otal irrigation applied in both years were similar.
The freeze–thaw periods of the pre-GS of 2013 and 2014 had
ifferent characteristics (Table 1, Fig. 3). The thaw period in the
re-GS of 2013 was shorter (Table 1). Average daily air tempera-
ure increased linearly from below to above zero, followed by soil
emperature. During the thaw period in 2014, average daily air tem-
eratures ﬂuctuated above and below zero three times in cycles
asting several days prior to staying above zero. There were more
ays in the PreGS of 2014 when air and soil temperature were below
◦C.
Soil temperatures varied among treatments during the grow-
ng season but the mean differences were very small, and hence
ot visually differentiable when plotted (Fig. 4). Near surface soil
emperature was not affected by irrigation type while statistical
ifferences were found for different N-sources (P < 0.05) and ﬂoor
anagement types (P < 0.001). However, these differences were
ikely too small (<0.6 ◦C) to drive any substantive changes in N2O
missions among treatments.
Treatment and year did not affect soil bulk density. Two  years
fter establishment of the treatments, soil bulk density remained
imilar across the vineyard averaging 1.31 g cm−3 (n = 54, two repli-
ates per plot and one replicate per alley). These data were used to
alculate WFPS.
During the GS of both years, WFPS varied signiﬁcantly by
rrigation (p < 0.01) and ﬂoor management (p < 0.01) but not
y N-source (Fig. 4). In 2013, the GS average WFPS for Drip
51.6%) > Micro-sprinkler (45.4%) and Mulch (51.6%) > Clean (45.4%)
hich was repeated in 2014 when the GS average WFPS for
rip (53.8%) > Micro-sprinkler (41.7%), and Mulch (50.4%) > Clean
45.1%). In both years, WFPS started to vary signiﬁcantly by irri-
ation type and ﬂoor management approximately one week after
rrigation started. However, differences in WFPS were lessened
mmediately following some isolated intense rainfalls events espe-
ially in late May  and June of 2013 (Figs. 3 and 4). The difference
n daily GS WFPS among the treatments was most pronounced in
uly and August when the highest soil and air temperatures were
ecorded. Mean GS WFPS in Drip irrigated plots reached maximum
f 59% and 64% in 2013 and 2014, respectively. Mean GS WFPS
n Mulched plots had maximum of 61% in 2013 and 56% in 2014.
ndividual measurements in single replicates were higher.
.2. Daily N2O emissions
The temporal patterns of N2O emissions (Fig. 5) were similar
cross treatments, from within the alley, and between years. N2O
mission spikes were observed mainly within two periods: during
reeze–thaw cycles in the PreGS and during the fertigation period in
he GS of each year. Emission during the PGS was negligible. There
as only one noticeable difference in the pattern of N2O emission
etween years, observed in July and August 2013, when there was
 N2O emission spike under Drip but not under Micro-sprinkler; a
imilar difference was not observed in 2014.
Treatment effects on daily N2O emissions were not consistent
cross seasons within a year and between years (Table 2). Dur-
ng the PreGS in 2013, Floor management and Date accounted for
ost of variation in N2O emissions. This caused lower N2O emis-
ions in Mulched than Clean plots in 4 of the 12 monitoring days
Fig. 5C). During the 2013 GS, N-source, Floor management and
ate accounted for most of the variation in N2O emissions; N2O
missions under Micro-sprinkler was signiﬁcantly lower than Drip
n 4 of the 32 monitoring days (Fig. 5A). In addition, N2O emissions
n Compost plots were signiﬁcantly lower than Urea plots in 4 of
he 32 monitoring days (Fig. 5B).
In 2014 most the variation in N2O emissions across seasons were
aused by irrigation and sampling date (Table 2). During the PreGS Management 171 (2016) 49–62
the N2O emissions in Mulched plots were signiﬁcantly lower than
Urea plots in 5 of the 12 monitoring days (Fig. 5C). During the GS the
N2O emissions under micro-sprinkler irrigation were signiﬁcantly
lower than drip irrigation in 6 of the 32 monitoring days (Fig. 5A).
Generally, enhanced N2O ﬂuxes during the GS of both years were
observed in the days when WFPS was usually greater than 45% (for
example May  31, June 18, and June 25 in 2013 and June 18 in 2014)
(Figs. 4 and 5).
3.3. Seasonal and annual cumulative N2O emissions
Treatment effects on
∑
N2O emissions were not consistent
across seasons and years (Table 3). For example, in 2013 irrigation
type resulted in a signiﬁcant difference in the PreGS
∑
N2O
emissions but did not signiﬁcantly affect the GS
∑
N2O emis-
sions of same year. Irrigation type did not result in signiﬁcant
differences in the PreGS
∑
N2O emissions of 2014, contrary to
2013. During the PreGS of 2013, area-scaled
∑
N2O emissions
of Drip < Micro-sprinkler and Mulch < Clean. During the GS, area-
scaled
∑
N2O emissions of Compost < Urea and Mulch < Clean.
Overall, the 2013 annual area-scaled
∑
N2O emissions for
Drip ≈ 1.8 × Micro-sprinkler (p = 0.118), Urea ≈ 1.5 × Compost
(p = 0.027) and Clean ≈ 1.7 × Mulch (p = 0.003) but only the differ-
ences from N-source and ﬂoor management were signiﬁcant. None
of the simple treatment factors caused signiﬁcant effects on 2014
seasonal and annual area-scaled
∑
N2O emissions (p > 0.05).
The relative contribution of seasons towards the total annual∑
N2O varied across years (Table 3). In 2013, the majority (62%)
of the annual
∑
N2O emissions occurred during the GS, followed
by PreGS (37%) and PGS (1%) whereas in 2014 the majority of N2O
emission occurred during the PreGS (61%) followed by GS  (32%)
and PGS (7%) (Fig. 5 and Table 3). The average N2O emissions in
all the treatments in the PreGS of 2014 (0.95 kg ha−1) was  much
higher than 2013 (0.52 kg ha−1) while the emissions in the GS of
2013 (0.81 kg ha−1) was  much higher than 2014 (0.49 kg ha−1). On
average, the annual cumulative N2O emissions in 2014 were over
14% greater than 2013.
The 2-year averaged annual area-scaled
∑
N2O emissions were:
Micro sprinkler < Drip (at p = 0.20); Compost < Urea (at p = 0.15); and
Mulch < Clean (at p = 0.02) (Table 4). However, only the difference in
ﬂoor management type was  statistically signiﬁcant. Surface appli-
cation of bark mulch decreased the 2-year mean
∑
N2O emission
by 28%.
The effects of treatments on seasonal area-scaled
∑
N2O emis-
sion were somewhat different from the annual
∑
N2O emission
over the two  year period (Table 4). During the GS, irrigation
treatment resulted lower area-scaled
∑
N2O emissions in Micro-
sprinkler than Drip. Floor management treatment caused lower
area-scaled
∑
N2O emissions in Mulch than Clean only in the PreGS.
As the majority (49%) of N2O emission over the two  years occurred
during the PreGS (when there was no irrigation), only ﬂoor man-
agement effects were signiﬁcant when all (preGS, GS, PGS) seasonal∑
N2O were added together. Hence, there was  lower area-scaled∑
N2O in Mulch than Clean over the two years period.
Emission factors (N2O emissions per unit of total N applied
uncorrected for background emission) ranged between 2.53% to
3.14% across treatments (Table 4). All treatments received an
estimated available N-rate (40 kg ha−1 year−1) which means the
emission factors were affected in a similar way as the annual area-
scaled
∑
N2O emissions. There were no signiﬁcant differences in
the emission factors caused by irrigation type or N-source. How-
ever, ﬂoor management caused signiﬁcant difference; the emission
factor for Mulch was lower than Clean (p < 0.05). Yield-scaled∑
N2O emissions for Mulched plots were lower than Clean plots
by 23%. Hence, under our experimental conditions, production of
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Table  1
Summary of climate and soil data during experimental years 2013 and 2014 including thaw dates, precipitation, irrigation, average air and soil temperatures. Data presented
during the pre-growing season (PreGS, January through April), the growing season (GS, May  through October), and post-growing season (PGS, November and December).
Parameter 2013 2014
PreGS GS PGS PreGS GS PGS
Date of ﬁrst thaw January 9th – – January 10th – –
Date  of last thaw Febuary 20th – – March 4th – –
Total  precipitation (mm)a 38/55 137/104 36 22/43 74/116 71
Total  irrigation (mm) – 31/241 – – 46/236 –
Total  water inputsx 93 513 36 65 472 71
Average soil temperaturey (◦C) 3.1 17.5 0.6 3.7 18.2 1.6
Average air temperature (◦C) 3.5 17.2 −1.1 2.6 17.5 0.8
No  of days soil temperature <0 ◦C 36 0 36 40 0 20
No  of days air temperature <0 ◦C 29 0 37 40 0 23
No  of days soil temperature <−5 ◦C 7 0 1 0 0 2
No  of days air temperature <−5 ◦C 6 0 12 14 0 9
x Total water inputs = Total precipitation + Total irrigation.
y Soil temperature was measured at 2 cm depth.
a Data separated by “/” indicates either thaw period/rest of PreGS totals or fertigation period/irrigation period totals.
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Fig. 3. Air and soil temperature, precipitation and irrigation inputs for 2013 and 2014. “Fertig” in the top insert represent periods of fertigation, the application of nitrogen
through the irrigation system.
Table 2
F-value of repeated measures analysis of daily N2O emissions during the pre-growing season (PreGS, January through April) and during the growing season (GS, May  through
October) in 2013 and 2014.
Effect 2013 2014
PreGS GS PreGS GS
F Value Num DF F Value Num DF F Value Num DF F Value Num DF
Irrigation (I) 3.86 1 1.15 1 0.64 1 16.42* 1
N-source (N) 0.59 1 5.43* 1 0.48 1 0.00 1
Floor  mgmt  (F) 7.00** 1 7.35** 1 0.19 1 1.54 1
Dates (D) 33.29**** 10 26.10**** 31 30.69**** 11 8.9**** 31
I  x D 2.35* 10 2.15*** 31 0.56 11 2.21*** 31
N  x D 0.87 10 1.93** 31 1.31 11 1.11 31
F  x D 3.66*** 10 1.18 31 3.29* 11 1.45* 31
* p < 0.0
a 25 in 2
y
a
l
3
i
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(
5, **, ***, **** indicate differences between treatments signiﬁcant at p < 0.05, p < 0.01, 
nd  from May  21 to October 23 in 2014. Urea was fertigated from May  14 to June 
ears. Bark mulch was  surface applied late May  of only 2013.
n equivalent amount of grape yield using mulch would generate
ower N2O than production without mulching.
.4. Soil nutrients and chemistry
In both years, soil NO3−–N concentrations were not affected by
rrigation or N-source (Table 5). Soil NO3−–N concentrations were
igniﬁcantly affected by ﬂoor management as soil NO3−–N con-
entrations in Clean plots were 4 times higher than Mulched plots
p < 0.0001). On average, soil NO3−–N concentrations increased by
8% from 2013 to 2014.01, p < 0.0001, respectively. Irrigation occurred from May  8 to October 23 in 2013
013 and May  28 to July 7 in 2014 while compost was applied in late May  in both
In 2013, none of the management factors affected soil NH4+–N
concentrations (Table 5). In 2014, soil NH4+–N concentrations in
Compost and Mulch plots were signiﬁcantly higher than Urea and
Clean plots, respectively. Most of the mineral N in soil was  in the
form of NO3−–N (83% averaged across all treatments over two
years); soil NH4+–N concentrations were low (mostly less than
10 mg  kg−1). On average soil NH4+–N concentrations increased by
35% from 2013 to 2014.In both years, soil SEOC concentrations were not affected by the
type of irrigation imposed (Table 5). However, the soil SEOC con-
centrations in Compost and Mulch plots were about 1.6 (p < 0.0001)
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Fig. 4. Soil water ﬁlled pore space (WFPS) and soil temperature over 2013 and 2014 across: (A) irrigation type (B) nitrogen source (C) orchard ﬂoor management. Bars indicate
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GS (Sanchez-Martin et al., 2008, 2010; Smart et al., 2011; Suddick
et al., 2011). However, similar to our observation, signiﬁcant win-
ter N2O emissions were observed for other cropping systems in
climates that experience spring ground thaw in western Canadaespectively. Differences of least squares means of temperature are not shown. “Fer
he  irrigation system.
nd 1.4 times higher (p < 0.05) than Urea and Clean plots, respec-
ively. On average soil SEOC concentrations increased by 12% from
013 to 2014.
In 2013, only the type of N-source used inﬂuenced the soil pH;
he pH in Compost plots was higher than Urea plots (Table 5). In
014 ﬂoor management affected pH in addition to N-source; the
H in Clean plots was higher than Mulch plots. The soil became
ore acidic between 2013 and 2014; soil pH was 7.4 in 2011 before
reatment initiation and pH averaged 7.2 and 6.9, in 2013 and 2014
espectively, across all treatments.
In both years, soil EC was not affected by the type of irrigation
sed. However, the soil EC was signiﬁcantly affected by N-source
p < 0.01) and ﬂoor management (p < 0.0001). EC in Compost > Urea
nd Clean > Mulch plots. On average soil EC increased by 47% from
013 to 2014, consistent with the increment of measured ionic
utrients (NO3−–N and NH4+–N concentrations). the top insert represent periods of fertigation, the application of nitrogen through
4. Discussion
4.1. Seasonal N2O emissions: thaw and the pre-growing season
A characteristic pattern of N2O emission during two principle
periods of higher emissions was observed in both years for all
treatments: during freeze–thaw cycles in the PreGS and; during fer-
tigation in the GS. On average, a considerable portion (37% in 2013
and 61% in 2014) of the annual cumulative N2O emission occurred
during the PreGS particularly during the thaw period. Prior stud-
ies in perennial cropping systems expected minimal N2O emission
in winter and hence focused their N2O monitoring only during the
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anagement. Plus capped bars indicate standard error of the mean (n = 12). *, **, ***
 < 0.05, p < 0.01, p < 0.001, p < 0.0001 respectively. “Fertig” in the top insert represen
Nyborg et al., 1997; Lemke et al., 1999; Izaurralde et al., 2004) and
lsewhere (Müller et al., 2002; Holst et al., 2008; Tatti et al., 2014).
In a recent review, Risk et al. (2013) elucidated two  mechanisms
or enhanced N2O emissions during the thaw period: (1) the physi-
al release of N2O produced throughout the winter by the removal
f ice blocking soil pores and; (2) the emission of newly produced
2O at the onset of thaw due to increased biological activity and
hanges in physical and chemical soil conditions. We  observed over
 month of heighted N2O emission during the PreGS in both years,
uggesting that the physical release of N2O produced during the
inter is likely minor and so the contribution of this mechanism to
he total cumulative PreGS N2O emissions in this system is likely
inor. The occurrence of enhanced denitriﬁcation by the second
echanism during freeze–thaw depends mainly on the prevalence
f anaerobic conditions (Groffman et al., 2009). During freeze–thaw
vents, it is likely that WFPS exceeded the WFPS threshold needed
o create anaerobic conditions resulting in N2O emission spikes.
FPS in our study appears low (<45%) during freeze–thaw cycles(A) micro-irrigation type and alley position (B) nitrogen source (C) orchard ﬂoor
ndicate differences of least squares means using the Tukey–Kramer adjustment, at
iods of fertigation, the application of nitrogen through the irrigation system.
but the actual WFPS was likely higher in the top 0–5 cm of the soil,
as the majority of the 30 cm long TDR probe was  still under frozen
ice at deeper depth, and any frozen water would not be measured.
Spring emissions may  also depend on the bacterial activity, and
availability of substrate. Increased abundance of cold-adapted nitri-
ﬁer and denitriﬁer communities in late winter, especially in soils
receiving organic amendments, has also been suggested to cause
thaw period N2O pulses (Tatti et al., 2014). Cell lysis in plant roots
and soil microbes on freezing (Herrmann and Witter, 2002) may
also provide fresh substrates for surviving microbes. This mech-
anism may  enhance the level of denitriﬁcation by both fueling
denitriﬁers and depleting O2 (Mørkved et al., 2006).
Some studies link greater spring N2O emissions following lower
temperatures during early winter and attribute this to more cell
lysis (Neilsen et al., 2001; Koponen and Martikainen, 2004). In
our study, emissions in the pre-GS of 2014 were 83% higher than
2013, following a colder winter than 2013. The lower air temper-
atures measured prior to thaw in 2014 (lowest recorded winter
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Table 3
Effects of irrigation type, nitrogen source and orchard ﬂoor management on seasonal and annual N2O emissions during the pre-growing season (PreGS, January through
April) and during the growing season (GS, May  through October) in 2013 and 2014.
Effect N2O emissionx (kg ha−1[season or year]−1)
2013 2014
PreGS GS Annual PreGS GS Annual
Irrigation (I)
Sprinkler 0.27 (0.03) ay 0.65 (0.09) 0.95 (0.11) 0.92 (0.14) 0.43 (0.06) 1.45 (0.18)
Dripper 0.76 (0.19) b 0.97(0.17) 1.74 (0.34) 0.97(0.14) 0.54(0.05) 1.63 (0.19)
N-source (N)
Compost 0.41 (0.09) 0.64 (0.08) a 1.06 (0.16) a 0.97 (0.14) 0.46 (0.05) 1.53 (0.18)
Urea  0.61 (0.19) 0.99 (0.17) b 1.63 (0.34) b 0.93 (0.14) 0.52 (0.06) 1.55 (0.19)
Floor  mgmt (F)
Mulch 0.29 (0.08) a 0.68 (0.12) a 0.98 (0.16) a 0.86 (0.13) 0.49 (0.06) 1.45 (0.17)
Clean  0.73 (0.18) b 0.95 (0.15) b 1.71 (0.33) b 1.03 (0.15) 0.49 (0.06) 1.63 (0.20)
Pr  > Fz
Irrigation (I) ** ns ns ns ns ns
N-source (N) ns * * ns ns ns
Floor  mgmt (F) *** * ** ns ns ns
I  x N ns ns ns ns ns ns
I  x F ns ns ns ns ns ns
N  x F ns ns ns ns * ns
I  x N x F ns ns ns * ns *
x Mean N2O emission calculations for treatments were based on a 1.5 m wide fertilized strip.
y Numbers in parentheses following mean are standard error of the mean, followed by different lowercase letters within columns indicating differences of least squares
means  using the Tukey–Kramer adjustment, at p < 0.05.
z *, **, ***, **** and ns indicate that means are signiﬁcantly different at p ≤ 0.05, 0.01, 0.001, 0.0001 or are not signiﬁcantly different, respectively.
Table 4
Effects of irrigation type, nitrogen source and vineyard ﬂoor management on 2-year mean seasonal and annual N2O emissions, 2-year mean N2O emissions factor (EF, N2O
emissions per unit of total N applied), and 2-year mean yield-scaled N2O emissions (N2O: grape yield). Year was included as a repeated measure factor in the ANOVA.
Effect N2O emissions (kg ha−1 [season or year]−1) N2Oz emission factor (%) Yield-scaled N2O (g Mg−1)
PreGS GS PGS Annual
Irrigation (I)
Sprinkler 0.60(0.08)x 0.54 (0.08) a 0.06 (0.01) 1.20 (0.14) 2.53 (0.13) 51.6 (6.3)
Dripper 0.86(0.17) 0.76 (0.11) b 0.07 (0.01) 1.69 (0.27) 3.14 (0.24) 54.9 (5.8)
N-source (N)
Compost 0.69(0.11) 0.55 (0.07) 0.06(0.02) 1.30(0.17) 2.65(0.15) 50.1(4.6)
Urea  0.77(0.17) 0.75 (0.12) 0.06(0.01) 1.59(0.27) 3.02(0.24) 56.5(7.2)
Floor  mgmt (F)
Mulch 0.58(0.10) a 0.58(0.09) 0.06(0.01) 1.21(0.17) a 2.55(0.15) a 46.3(5.7) a
Clean  0.88(0.16) b 0.72(0.11) 0.06(0.01) 1.67(0.26) b 3.12(0.24) b 60.3(6.1) b
Pr  > Fy
Irrigation ns ** ns ns ns ns
N-source ns ns ns ns ns ns
Floor  mgmt ** ns ns * * *
Year *** *** **** * * ns
x Numbers in parentheses following mean are standard error of the mean, followed by different lowercase letters within columns indicating differences of least squares
m
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feans  using the Tukey–Kramer adjustment, at p < 0.05.
y *, **, ***, **** and ns indicate that means are signiﬁcantly different at p ≤ 0.05, 0
z N2O emission factor calculations for treatments were based on the N2O emissio
emperature = −12.7 ◦C) than in 2013 (lowest recorded winter tem-
erature = –8 ◦C) may  indicate greater cell lysis in early winter. The
014 thaw period was also longer in duration and included multi-
le freeze thaw cycles, which may  have promoted additional cell
ysis during the thaw period.
.2. Seasonal N2O emissions: growing season
Total growing season emissions were reduced between 2013
nd 2014 despite a substantial increase of the mean growing sea-
on soil NO3−–N and NH4+–N concentrations. The difference in the
rowing season N2O emissions was likely related to the dynamics
f soil mineral N and moisture. During the GS of 2013, the highest
aily ﬂuxes (19–29 N ha−1day−1) occurred following intense rain-
all that coincided with the end of fertigation when soil nitrate was001, 0.0001 or are not signiﬁcantly different, respectively.
asured at both the row and the alley functional units.
at a maximum, creating potential for high water saturation, low
oxygen diffusion rate, conditions suited to denitriﬁcation. There
was no such concurrent occurrences of intense rain and enhanced
soil mineral N in the growing season of 2014. The highest 2014 daily
ﬂuxes recorded around mid-fertigation period during the growing
season and the values (7–12 N ha−1day−1) were much smaller than
2013.
The distribution of nitrogen within plots may have contributed
to the N2O emission spike seen under drip, but not micro-sprinkler,
irrigation in July and August 2013. The wetter zone under drippers
has higher root densities (Neilsen et al., 1997) and higher N con-
centrations during fertigation. The wetter zone expands over the
fertigation season as more water is applied thereby expanding the
ﬂux zone as a result of the transport of N and degradation of organic
matter away from the drippers (Sanchez-Martin et al., 2008, 2010).
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Table  5
Effects of irrigation type, nitrogen source and vineyard ﬂoor management on mean extractable NO3−-N, NH4+- N, salt-extractable organic carbon (SEOC), pH and electrical
conductivity (EC) of soil (0–15 cm depth) during the growing season (May through October) in 2013 (n = 96) and 2014 (n = 144) (April through October).
Year Effect NO3−–N NH4+–N SEOC pH EC
(mg  kg−1) (mg kg−1) (mg  kg−1) (S cm−1)
2013 Irrigation (I)
Sprinkler 22.1(2.2)x 6.6(0.5) 398.6(23.3) 7.15(0.02) 195.9(7.2)
Dripper 37.8(5.9) 6.8(0.7) 497.5(33.4) 7.14(0.03) 246.2(11.1)
N-source (N)
Compost 28.2(3.8) 6.8(0.6) 546.4(35.1) a 7.20(0.03) a 241.3(9.0) a
Urea  31.7(5.3) 6.5(0.5) 349.8(14.8) b 7.09(0.02) b 200.7(9.9) b
Floor  mgmt  (F)
Mulch 12.4(1.3) a 7.2(0.6) 490.2(35.8) a 7.15(0.02) 174.6(6.3) a
Clean  47.6(5.3) b 6.1(0.6) 405.9(19.9) b 7.14(0.02) 267.5(9.5) b
Pr  > Fy
Irrigation (I) ns ns ns ns ns
N-source (N) ns ns **** **** ****
Floor mgmt  (F) **** ns * ns ****
2014 Irrigation (I)
Sprinkler 41.1(5.0) 9.9(0.8) 464.7(38.1) 6.90(0.04) 320.1(18.7)
Dripper 53.8(7.7) 8.3(0.6) 536.0(39.3) 6.91(0.03) 330.2(21.5)
N-source (N)
Compost 43.6(5.1) 10.4(0.8) a 630.9(43.0) a 7.02(0.03) a 340.4(16.7) a
Urea  51.3(7.6) 7.8(0.6) b 369.8(26.6) b 6.79(0.04) b 309.9(23.0) b
Floor  mgmt  (F)
Mulch 17.9(1.9) a 11.8(0.7) a 627.5(45.3) a 6.86(0.03) a 239.9(15.9) a
Clean  77.1(7.5) b 6.4(0.5) b 373.2(23.0) b 6.95(0.04) b 410.4(18.9) b
Pr  > F
Irrigation (I) ns ns ns ns ns
N-source (N) ns ** **** **** **
Floor mgmt  (F) **** **** **** * ****
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hen fertigation ceases, but irrigation continues, the continued
ddition of fresh water via the dripper may  transport N both later-
lly and downwards (Hanson et al., 2006) away from the zone of
oot concentration under the dripper and towards the plot margins
here the N is less likely to be taken up. Consequently, in Drip plots,
he N component of lateral transport may  be available near the soil
urface for denitriﬁcation after fertigation ceases. In contrast, the
ux zone under micro-sprinkler irrigation is more uniform during
ertigation because nitrate and roots are more evenly distributed.
esidual N in soil at the end of microsprinkler fertigation is pushed
ownwards into the soil by additional irrigation water. Most of N2O
enerated at deeper depths from residual N is more likely to be con-
umed during diffusive transport to the soil surface (Kellman and
avanaugh, 2008).
The intense rainfall events in late June 2013, when soil nitrate
as maximum, may  also have affected the location of nitrous oxide
uxes and total growing season emissions. It was  noted the rain-
all intensity exceeded the inﬁltration capacity and was  sufﬁcient
o cause runoff from the rows towards the alleys, following the
lightly mounded shape of the soils in the rows. This may  have
acilitated greater lateral movement of nitrate away from the drip-
ers in that year, moving N earlier into soil with lower N uptake by
oots, and increasing the zone of N2O emissions. In micro-sprinkler,
ateral runoff would not distribute N to previously N free areas, and
id not result in increased emissions. This emission spike in July
nd August 2013 in drip irrigation was consistent with increases in
oil NO3−–N availability (determined biweekly using ion-exchange
esins) under drip irrigation later in the season, while no similar
pikes in soil NO3−–N availability were observed under micro-
prinkler (Hannam et al., 2016). No such similar N2O spikes were
oted in the irrigation season of 2014. There was  only one intense different lowercase letters within columns indicating differences of least squares
eans are signiﬁcantly different at p ≤ 0.05, 0.01, 0.001, 0.0001 or are not signiﬁcantly
rainfall during fertigation in that year, occurring earlier in the sea-
son (June 13) well before the soil nitrate was  expected to reach its
maximum (End of June). This may  not have been sufﬁcient to cause
lateral migration of nitrogen away from the dripper.
4.3. Interannual variations
Cumulative N2O emissions in 2014 were over 14% higher than in
2013. The analysis of seasonal effects indicates that the majority of
the interannual variation relates to the thaw period, during which
emissions increased between years by 83%. The growing season
emissions were reduced by 40% between 2013 and 2014. The vari-
ability in the total amounts of natural precipitation between 2013
and 2014 had little direct effect on the interannual variation on
N2O emission as irrigation additions resulted in WFPS being similar
during the GS of both years. The intense rain events that occurred
when soil nitrate was  at its maximum around the end of fertigation
in 2013 likely caused the higher GS season emission in that year.
We  also noted interannual variations in nitrogen availability,
soil temperature and soil pH. Soil NO3−–N and NH4+–N concen-
trations in the growing season both increased substantially from
2013 to 2014. The increase in the soil mineral-N may  have been
driven by two factors: accumulation of soil mineral-N when fer-
tilizer application exceeded plant demand and/or changes in the
total denitriﬁcation activity due to decreasing pH. The majority
of the applied N (either urea or compost) in our system would
ﬁrst undergo ammoniﬁcation, which involves enzymatic conver-
sion of organic forms of N to NH4+. Some of the NH4+ would
have been directly absorbed by the plant while the majority of the
remainder would be oxidized to NO2− and then to NO3−, the most
suitable nitrogen form for plant growth (Miller and Cramer, 2005;
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othstein and Cregg, 2005). Ammonium oxidation is an acidify-
ng process (NH4+ + 1.5O2 → NO2− + H2O + 2H+) (Van Dongen et al.,
001); which is consistent with our observation of decreasing soil
H over the years. This decrease in pH thus has a potential to cause
ccumulation of soil NO3− as decreased pH would lead to reduced
omplete denitriﬁcation to N2. Decreasing soil pH leads to increase
f the N2O/(N2O + N2) ratio with no changes in N2O production
Cˇuhel et al., 2010); which means a reduction in the portion of soil
O3− that would be converted to N2. Thus decreasing soil pH may
romote the increase in soil NO3− which may  eventually lead to
igher N2O amounts on an annual basis by increasing N availability
n thaw periods and intense rainfall events. Our results match oth-
rs (Schellenberg et al., 2012; Asgedom et al., 2013; Xieet al., 2014)
ho observed a positive relationship between soil mineral-N and
2O emission on an annual basis.
Overall, the 14% interannual variability in the amounts of N2O
mission in our study is within the range of Verhoeven and Six
2014) who observed 2–58% variability of N2O in a 2-year study of
 wine grape system amended with N (organic and inorganic) and
iochar in California. The Merlot vineyard in our experiment was
nly 3-years old; roots and vines may  have still been establishing.
e noted a reduction in the variability of N2O emissions between
reatments between the second and third year of the vineyard his-
ory. The pH, soil NO3−–N, NH4+–N, SEOC and EC changing over the
ears may  imply that the soil is not at steady state and hence may
ndicate the need for longer term N2O monitoring.
.4. Soil and water management effects on N2O emissions
Surface application of bark mulch decreased 2-year mean
N2O emission by 28%. To the best of our knowledge there is only
ne published study, Livesley et al. (2010), that investigated the
ffect of bark mulch on N2O emission using direct manual chamber
easurements at the ﬁeld scale. Livesley et al. (2010) observed 50%
ower
∑
N2O emissions from wood-chip mulched irrigated garden
han irrigated lawn in Australia, but did not compare garden with
nd without wood chip mulch.
A combination of factors may  be responsible for the lower N2O
mission in bark Mulch plots compared to Clean plots. Under the
ark mulch, we found signiﬁcantly higher organic carbon similar
o other studies (Livesley et al., 2010; Neilsen et al., 2014). This
tudy also found higher WFPS, and lower soil nitrate concentration,
hich complements the lower available nitrogen measured by soil
xchange resins found by Hannam et al. (2016). The higher WFPS
nd added carbon substrate may  have created favourable anaerobic
onditions for enhanced complete denitriﬁcation to N2, resulting in
ower
∑
N2O emissions under the bark mulch. Microbial immobi-
ization of mineral N increases in the presence of an available labile
arbon source (Homyak et al., 2008); hence, the reduced mineral-
 availability under mulch could have been a result of microbial
mmobilization (Homyak et al., 2008). Lower levels of mineral N
ight have lowered the
∑
N2O emissions under mulch even fur-
her.
Similarly, the lower
∑
N2O emission in Compost than Urea in
013 may  be partly attributed to enhanced complete denitriﬁca-
ion because of the higher soil carbon substrate in Compost plots.
ur results were similar to those reported by Alluvione et al. (2010)
ho found lower N2O emissions for municipal solid waste compost
han mineral fertilizer in a silt loam soil under a temperate subcon-
inental climate. In both the 2014 and the combined 2-year data, we
id not see differences in annual
∑
N2O emissions between com-
ost and urea plots. The increase of EC in soil under compost by
1% from 2013 to 2014 might have partially limited the potential
or of the higher soil carbon under compost to enhance complete
enitriﬁcation to N2, as increased EC has been reported to reduce
he activities of N2O reductase (Ruiz-Romero et al., 2009). Management 171 (2016) 49–62
Micro-irrigation resulted in differences in 2-year mean
∑
N2O
emission only during the growing season;
∑
N2O emission under
micro-sprinkler was  29% lower than drip irrigation. This difference
was likely caused by increased frequency of high WFPS in Drip over
Micro-sprinkler plots. Bateman and Baggs (2005) observed higher
emissions with WFPS > 60%. During the growing season, the Drip
plots exceeded 60% WFPS 21% and 30% of the time in 2013 and 2014,
respectively, compared to Micro-sprinkler plots where WFPS was
recorded above 60% only 7% and 4% of the time in 2013 and 2014,
respectively. These water contents are measured at 30 cm lateral
distance from the location of the dripper and thus water contents
directly under the dripper can be expected to be higher. Those
under micro-sprinkler irrigation are representative of the whole
plot. The effect of irrigation types on subplot-scale N2O emissions
and on microbial pathways for the production of N2O in our study
site is being investigated in parallel studies. Early results of the
microbial study indicate that drip irrigation reduces the abundance
of N2O reducers (abundance of nosZ genes) compared to irriga-
tion with microsprinklers (Voegel, personal communication). The
higher WFPS observed under drip irrigation might have limited the
activity of the enzyme nitrous oxide reductase (nosZ) to convert
N2O to N2 gas, thus resulting in higher N2O emissions.
Our observation of higher N2O emission with drip irrigation
was similar to the ﬁndings of Smart et al. (2011), who observed
approximately 60% lower
∑
N2O emission under fanjet sprinkler
irrigation than drip irrigation in a Mediterranean climate during
the growing season. Their vineyard was irrigated twice a week
and received 34 kg N ha−1 year−1. The N2O mitigation potential
of micro-sprinkler irrigation was  similar in our studies. However,
Smart et al.’s (2011) measurements lasted for only a month in the
fall and another month in spring during fertigation and the longer-
term N2O mitigation potential of micro-sprinkler in their system
is unknown. Our ﬁndings of major pre-growing
∑
N2O emissions,
and the signiﬁcant effect of micro-irrigation in the 2-year mean
growing season
∑
N2O emission (but not annual) indicates the
importance of long-term (≥2 year) continuous year round moni-
toring across seasons.
4.5. Yield-scaled N2O emission and N2O emission factor
Studies that only consider area-scaled N2O emission cannot
be used to recommend management practices that are suitable
for mitigation of N2O emission without compromising agricul-
tural productivity. In our study, both area-scaled N2O emission and
yield-scaled N2O emissions were signiﬁcantly decreased by sur-
face application of bark mulch. Surface application of bark mulch
reduced 2-year mean yield-scaled N2O emissions by 23%. Thus,
bark mulch can be used to mitigate N2O emission without com-
promising productivity. To the best of our knowledge, this study
represents the ﬁrst report of this metric (i.e., yield-scaled N2O emis-
sions) being generated for a Merlot grape vineyard. Grapes used for
wine production have a more complex relationship between pro-
duction mass and eventual total wine value (i.e., increased yield
may  not be as important as optimal fruit quality parameters); fur-
ther exploration of yield-scaled or value-scaled emissions may  be
needed.
From our sandy loam soil across treatments over 2 years, the
mean fraction of applied N lost as N2O (N2O emission factor), uncor-
rected for background emission, ranged from 2.53 to 3.14%. We
could not calculate the true emission factors (i.e., corrected for the
background emission) because there was  no control plot as vines
with no treatment (such as irrigation) would not survive in our
semi-arid climate. Thus true emission factors would likely have
been slightly lower than these values. Emission factors in our study
were at least twice greater than the 1% default direct emission
factor of the Intergovernmental Panel on Climate Change (IPCC)
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ethodology for calculating N2O emission rates from agriculture
rrespective of fertilizer and soil type (IPCC, 2006). The 1% IPCC
efault direct emission factor may  be overly simplistic for micro-
rrigated systems receiving fertigation and organic amendments. In
erennial cropping systems water and nitrogen are usually applied
n smaller area of soil close to vine/tree compared annual crops.
his practice increases nitrogen and water use efﬁciency. How-
ver, this also leads to increased localized concentration of nitrogen
specially in drip irrigated system as compared to other applica-
ions such as broadcast and furrow irrigation (Smart et al., 2011).
ence, there is a higher potential for enhanced denitriﬁcation and
he 1% IPCC emission factor used to calculate N2O emission from
griculture would likely underestimate estimation from perennial
ropping systems.
. Conclusion
This study demonstrated the important contribution of the
regrowing season, particularly the thaw period, to the annual
2O emission in vineyards under a semi-arid climate with cold
inters. Disregarding this period could lead to either serious under-
stimations of annual N2O emissions or/and bias in treatment
omparisons because effects could be variable across seasons in
 year. More work is needed in climates with and without winter
reezing temperatures to assess annual ﬂux changes.
Two year results indicate that micro-irrigation type affected
rowing season emissions. N-sources used in our study did not
ffect N2O emissions signiﬁcantly (p > 0.05). Surface application of
ark mulch in vineyards can reduce both annual area-scaled and
ield-scaled N2O emissions. The mechanism by which bark mulch
educes N2O emissions is not clear and further investigation using
sotopic and/or molecular techniques is warranted. Further work
s also required to determine the life-cycle consequences of car-
on emissions from the bark mulch on overall greenhouse gases
missions. Published studies that investigated interannual vari-
bility in N2O emissions from woody perennial systems are rare
nd the current study is one of the ﬁrst works to give insights
n interannual variability for these systems. Our study has one
f the longest monitoring durations for experiments examining
he effects of micro-irrigation, N-source and mulching in peren-
ial systems. However, two years may  still be a short time to fully
nderstand long-term changes as C and N status of the soil changed
ver time, particularly in response to bark mulch decomposition.
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